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This article uses a dynamic voltage restorer to tackle a wide range of power 
quality issues, such as voltage drooping and swelling, spikes, distortions, 
and so on. The proportional controller, integrated controller (PI), and 
adaptive neuro-fuzzy inference system (ANFIS) are proposed dynamic 
voltage restorer (DVR) controllers. The control strategy's goal is to employ 
an injection transformer to mitigate for the needed voltage and keep the load 
voltage fixed. The settings of the PI controller are fine-tuned using two 
methods: trial and error and intelligent optimum. Particle swarm 
optimization (PSO) is now the most effective method. In terms of settling 
time, overshoot, undershoot, and disturbances around the final value, the 
PSO-tuned PI controller outperforms the trial-and-error PI controller. The 
ANFIS controller is used to regulate the DVR's responsiveness through the 
PI-PSO controller. The PI-PSO data is used as training data by the ANFIS 
controller. The results show that a DVR with an ANFIS controller 
outperforms a PI-PSO controller in terms of overshoot, undershoot spike 


voltage, steady state time, and settling time. In the case of a failure voltage, 
the DVR with an ANFIS controller has a 27% undershoot spike voltage 
while the PI-PSO controller has a 30% undershoot spike voltage. 
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1. INTRODUCTION 

With the widespread usage of voltage-sensitive load devices in today's distribution networks, power 
quality issues such as transients, droops, and swelling are becoming increasingly dangerous. A dynamic 
voltage restorer (DVR) is a device that protects critical loads from various types of interruptions. Figure 1 
depicts the fundamental notion of a DVR. The DVR should be able to discern voltage sag and manage the 
inverter to precisely and quickly restore the voltage [1]—[4]. A dynamic voltage restorer (DVR) is a strong 
power electronics controller with a quick reaction time that provides variable voltage regulation at the point 
of connection to the electrical distribution systems, resulting in improved power quality. The DVR has 
emerged as a viable technology for solving additional power quality issues such as flicker reduction, power 
factor correction, and harmonics management, in addition to voltage regulation improvement [5]—[8]. 
Voltage sag occurs when the voltage suddenly drops to 10-90% of the supplied voltage. The abrupt rise in 
load over that specific feeder is the source of this. In contrast, a voltage swelling is described as a sudden rise 
in voltage that exceeds 110% of the supply voltage. This is due to a rapid decrease in the load on that specific 
feeder. When there is a voltage rise or reduction, the voltage is corrected by inserting it in series with the 
supply from another feeder using a DVR [9]-[12]. Various techniques are available for mitigating the effect 
of voltage disruptions on critical loads. Using power electronic devices as compensators is the most efficient 
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and adaptable method. These compensators are known as bespoke power devices and comprise serial, 
parallel, and series-parallel compensators. Serial compensators, such as the static series compensator (SCC), 
dynamic voltage compensator (DVC), and DVR, are thought to be the most cost-effective methods for 
voltage compensation in distribution networks [13]-[16]. DVRs are series-connected devices that are used to 
address voltage-related power quality concerns such as voltage sag, swelling, and total harmonic distortion 
(THD) reduction. A DVR is a bespoke power device that injects or absorbs three-phase AC electricity in 
synchrony with the voltage of a distribution feeder [4], [17]. A DVR is a device that uses a boosting 
transformer to insert a dynamically regulated voltage in series with the bus voltage, as shown in Figure 1. 
Three single-phase boosting transformers are linked to a three-phase converter that includes an energy 
storage system and a control circuit. The magnitude of the three injection phase voltages is adjusted to avoid 
any negative effects on the load voltage caused by a bus failure. This implies that any voltage difference 
produced by transient disruptions in the AC feeder will be balanced by an equivalent voltage produced by the 
converter and supplied at the medium voltage level via the boosting transformer [18]-[20]. The DVR's 
topology was used as an active series filter to improve voltage stability, reduce harmonics, mitigate any 
reactive power deficit, and improve energy sustainability [21]. In this paper, a dynamic voltage restorer 
device is proposed to compensate for the sagging and swelling of voltages in sensitive loads, for example, 
loads used in hospitals that need a constant voltage. The DVR needs a high-performance controller. The 
proportional integrated-particle swarm optimization (PI-PSO) and adaptive neuro-fuzzy inference system 
(ANFIS) controllers were proposed for this purpose. 


Injection 
transformer 


Figure 1. Single-line illustration of DVR linked in series with the feeder 


2. CONSTRUCTION OF DVR 

The DVR is a series-connected energy storage system that is connected to the distribution grid. 
Figure 1 displays the elements of a DVR. The following blocks make up the basic structure of DVR: i) 
voltage source inverter (VSI), ii) injection transformer, iii) passive filter, iv) energy storage unit, and v) 
control circuit. 


2.1. Voltage source inverter 

It is the foundation of a compensating device. It is responsible for converting DC to AC electricity. 
To build single-phase or three-phase systems, VSI uses completely regulated semiconductor power switches. 
insulated-gate bipolar transistors (IGBTs) are utilized in medium-power inverters, whereas GTOs or IGCTs 
are used in high-power inverters because of their small size and quick reaction [22], [23]. 


2.2. Injection transformer 

It supplies the system with electrical isolation and a voltage increase. In a three-phase system, either 
three single-phase isolation transformers or a three-phase isolation transformer can be utilized for voltage 
insertion. The projected maximum output voltage must be determined when choosing an injection 
transformer, both technically, and economically [23]. 


2.3. Passive filters 

A low-pass harmonic filter is employed to eliminate or keep high-frequency switching harmonics 
from the inverter's output as a result of applying high-frequency switching techniques. These filters can be 
used on the injection transformer's low voltage (LV) inverter or high voltage (HV) load sides [24]. 
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2.4. Energy storage unit 

The important purpose of these devices for energy storage is to deliver the required actual power 
throughout a voltage drop. Flywheels, batteries, superconducting magnetic energy storage, and super 
capacitors are all types of energy storage systems [25]. 


3. METHOD 

In this section, the operating modes of the device and the methods of the control system were 
studied. The design of the power circuit and the control circuit was studied. The theory of PSO was studied, 
and the optimal values for Kp and Ki were also evaluated. The data for the ANFIS controller was studied, 
designed, and trained. 


3.1. Operating modes of DVR 
In the distribution network, a standard DVR design is employed for voltage adjustment. Operation 
of the DVR consists of three operation modes. Figure 2 depicts the operation mode diagram: 


3.1.1. Protection mode 

The bypass switches could be employed as a protective tool for safeguarding the DVR from 
overcurrent on the load end caused by a short circuit or significant inrush currents. The operation of the 
bypass switches can safeguard the DVR by providing an alternative pathway for current. Figure 2(a) 
demonstrates the protection mode [26]. 


3.1.2. Standby mode 

In standby mode (typical steady-state circumstances), the DVR may either short circuit or inject a 
tiny voltage to mitigate voltage drops due to transformer reactance or losses. In steady state, short-circuit 
functioning of DVR is often chosen since modest voltage dips do not disrupt load needs provided the 
distributing circuit is not poor. Figure 2(b) shows the standby mode [27]. 


3.1.3. Injection mode 

As soon as the sag is recognized, the DVR enters injection mode. For mitigation, three single-phase 
alternating current voltages are inserted in series with the requisite amplitude, phase, and waveform for 
mitigation. Figure 2(c) shows the injection mode [27]. 
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Bypass switches [Sensitive Lo | Booster f : Sensitive 
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Figure 2. Operation mode diagram (a) protection mode, (b) the standby mode, and (c) the injection mode 


3.2. DVR control strategies 

The DVR's function is to preserve voltage quality by regulating the amplitude, form, and phase of 
the voltage. DVR removes voltage disruptions by restoring voltage, which entails adding the necessary 
energy to the line. The suggested DVR employs phase correction. In this case, the load voltage is expected to 
be in phase with the pre-sag voltage. Only voltage magnitude is adjusted in this suggested method. The load 
voltage and reference voltage are sent into the controller. Using the pulse-width modulation (PWM) 
approach, the controller provides pulses to the inverter based on the difference in two voltages. The inverter 
now emits the appropriate quantity of energy into the line through the voltage injection transformer [19]. The 
various DVR control techniques are shown below: 


3.2.1. PI controller 
The discrepancy between reference and real values is regulated by the typical PI controller. The 
proportional controller technique reacts rapidly, but the integral controller technique is slower but reduces the 
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offset between the reference and real value. Because the parts of the PI controller are calibrated by testing 
and the idea of true and false, the work's outcomes are less accurate [28]—-[30]. The diagram of a PI controller 
is shown in Figure 3. 


Vs(ref) 


Vabc(act) 


Figure 3. PI controller diagram 


3.2.2. Particle swarm optimization 

PSO is a population-based stochastic optimization method for solving nonlinear optimization 
problems. PSO is propelled along by the swarming activity of flying creatures, rushing, and fish schooling. 
This method excels at overcoming optimization challenges. According to its own experience, each particle 
seeks to update its present position and speed. Each iteration will save the best quantity achieved by each 
particle, which will then be compared to determine individual best amounts. Global best values can be 
calculated from individual best amounts. The improved controller settings were found in the last iteration's 
global best values [31], [32]. 


3.2.3. Particle swarm optimization mathematical model 

Each particle (xij), whose beginning speed and location are determined at random, attempts to 
investigate the research space through repeated test locations in order to attain their goal using the equations 
given by (1), (2): 


Vi (d + 1) = W - Vy (d) + Ca + r4 + (Pest — x (d)) + C2 + r2 (Goest — XG) (1) 


where Vij(d) is the particle ith speed in a j dimension at iteration d, xij(d) is the particle ith location in a j 
dimension at iteration d, Pbest is the perfect previous location of ith particle, Gbest is the perfect particle 
among all the population, W is the inertia weight factor, (C1 and C2) are the acceleration constants, (r1 and 
r2) are the random integers between [0-1], and n is the swarm size [32], [33]. 


3.2.4. Adaptive neuro-fuzzy inference system controller 

In a neuro-fuzzy technology, a neural network intelligence is utilized to improve the use of a fuzzy 
system by calculating its variables. Figure 4 show ANFIS architecture. X and Y are the inputs, f is the output, 
Ai and Bi are the input membership functions, and Wi is the rule firing strength. 


layeri  |ayer2 layer3 layer4 layers 


Figure 4. ANFIS architecture [24] 


The ANFIS system is a hybrid of fuzzy logic and adaptable neural networks. The rule base, fuzzy 
sets (membership function), and inference processes are all used to build a FIS. The neuro-fuzzy design is 
based on the ANFIS kind, which uses the Takagi-Sugeno fuzzy inference system with a hybrid learning 
method. The suggested neuro-fuzzy controller is constructed, trained, and examined in the MATLAB 
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program using the neuro-fuzzy designer graphical user interface (GUI). The fuzzy logic approach collects 
and stores vast amounts of DC-link voltage data during a period in the MATLAB workspace [34]-[37]. 


3.3. Design and training of (ANFIS) controller 

The controller is the most critical element of the DVR in voltage regulation. An ANFIS will be 
created. to correct for circumstances such as sag, malfunction, and swell. The ANFIS controller block 
diagram is shown in Figure 5. According to the ANFIS design, two vectors of error input and an error 
integration have been constructed. The input variables for the ANFIS controller were split into five triangle 
membership functions and a 25-control rule. ANFIS rule membership is shown in Figure 6. The structure of 
the control scheme is shown in Figure 7. 
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Figure 5. Block diagram of ANFIS controller 


Vabc(actual) 


input1 = -0.203 input2 = 5.42e-05 output = -3.45 
= a E 
E ~n P A) E 
a __| > _ i 
4 oo = —] E 
o _| a E 
OO MT Í B 
a _— E) in 
O T > i 
O e™ e CE 
> PT al ee 
11 SE i 
12 _— S) E 
13 m C E _ 
14 Z z 
15 e =a Ss 
16 = SE a 
a =a S) E 
18 ————| D i 
19 hee ai Le na] C E 
20 N) ral E 
21 e T E 
22 a a C E) 
23 O E C] 
24 a _— —] CC 
25 re ee T) 


L__} 
—] a 
Opened system Untitled, 25 rules =< i e 


Figure 6. Rule membership 
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Figure 7. ANFIS model structure 
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3.4. Modeling and simulation 

The design of the power system network with DVR is shown in Figure 8. The sag, swell, and fault 
development that DVR adjusts for are seen in this diagram. When there is a system failure, the load is linked 
to the DVR via an injection transformer and then to the network. The PSO method in this work is proposed to 
get the optimal values for Kp and Ki of the PI-PSO controller to minimize the fitness function (integral time 
absolute error). The selected values of the variables (Cı, C2, W) of the PSO algorithm are Cj=C2=2, W=0.9. 
The obtained minimum fitness function is 0.0000876 after 100 iterations and the PI-PSO optimal parameters 
are KP=9.957 and KI=400, while the data is being trained for the neural fuzzy technique. The DVR's control 
diagram is shown in Figure 9. 
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Figure 8. Modeling of the power system with DVR based on ANFIS controller 
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Figure 9. Control diagram of DVR 


4. RESULTS AND DISCUSSION 

The dynamic voltage restorer was used to protect the sensitive load in the event of various problems, 
such as sag and swell of the voltage, as well as when there was a malfunction in the electrical power network. 
The results show the problem of the voltage before compensation, the compensated voltage, and the load 
voltage after compensation. The results showed how important this device is for keeping the voltage at the 
right level. 


4.1. Voltage sagging 

Figure 10, which depicts the DVR's voltage injection and the associated load voltage with sag 
correction, shows that the grid voltage will drop by 65% between t=0.2 s and t=0.5 s. Part four in the figure 
shows the voltage inserted by the DVR. The DVR keeps the load voltage at pre-sag values. 
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Figure 10. Three-phase sag voltage 


4.2. Voltage swelling 

Figure 11 displays a simulation of a 40% three-phase voltage swelling. The time spans from 0.2 to 
0.5 seconds. Part four in the figure shows the voltage inserted by the DVR. The findings demonstrate that the 
DVR allows the load voltage to be maintained at its ideal level. 
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Figure 11. Three-phase swell voltage 


4.3. Voltage fault 
Figure 12 depicts a three-phase fault voltage that begins at 0.2 s and ends at 0.5 s. Part four in the figure 
shows the voltage inserted by the DVR. With the aid of the DVR, the load voltage is kept at its optimum value. 
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Figure 12. Three-phase fault voltage 
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4.4. Sag, swell, and fault voltage 


Figure 13 shows the DVR-injected voltage and the corresponding load voltage, with modifications for 


sagging from t=0.10 s to t=0.20 s, swell from t=0.50 s to t=0.60 s, and fault from t=0.30 s to t=0.40 s. Part four 
in the figure shows the voltage inserted by the DVR. The load voltage remains constant due to the DVR. 
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Figure 13. Three-phase sagging, swelling and fault voltage 


4.5. Peak voltage 


Figure 14 displays the peak value of the load voltage with different disruptions, as well as the values 


of overshoot, undershoot, steady state time, settling time, and integral absolute error (IAE) obtained in 
Tables | and 2 for the PI-PSO and neural fuzzy controllers, respectively. The settling time is determined at 
2% of its typical value. Based on those results, the neuro fuzzy controller outperforms the PI-PSO controller, 
and all of the neuro fuzzy controller's results are lower than their PI-PSO counterparts, meaning that the error 
is decreased, there is less overshoot and undershoot, and the steady state time has enhanced. 


Peak Voltage 


< >< >< >< >< >< > 
Sag Voltage T Fault Voltage Swaine Sel vonage eta 
1 1 ii li 1 i 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Time 
Figure 14. Peak load voltage 
Table 1. PI-PSO controller peak voltage analysis 
sag Absence sag __ fault Absence fault swell __Absence swell 

Over shoot 0 12% 0 15% 8% 0 
Under shoot 20% 0 30% 0 0 10% 
Steady state time 0.05 0.05 0.06 0.06 0.03 0.04 
Settling time 0.008 0.004 0.02 0.007 0.004 0.006 
IAE 0.0040 0.0039 0.0068 0.0073 0.0045 0.0026 
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Table 2. Neuro fuzzy controller peak voltage analysis 


sag Absence sag fault Absence fault swell Absence swell 
Over shoot 0 9% 0 12% 8% 0 
Under shoot 20% 0% 27% 0 0 10% 
Steady state time 0.01 0.01 0.01 0.01 0.003 0.004 
Settling time 0.002 0.003 0.002 0.005 0.004 0.001 
IAE 0.0015 0.0019 0.0016 0.0019 0.0016 0.0018 


4.6. The total harmonic distortion of the load current 

The simulation from FFT evaluates the THD for the load current, as shown in Figure 15. The total 
harmonic distortion of the load current when the ANFIS controller is utilized during the sag period is shown 
in Figure 15(a), whereas the total harmonic distortion of the load current when the ANFIS controller is 
utilized during the fault period is shown in Figure 15(b). Figure 15(c) depicts the overall harmonic distortion 
of the load current when the ANFIS controller is applied during the swell period. The value of THD is 6.59% 
for the sagging period, 6.50% for the fault period, and 6.03% for the swelling period. 
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Figure 15. Frequency spectrum of load current for adaptive neuro fuzzy controller (a) sag period, 
(b) fault period, and (c) swell period 


5. CONCLUSION 

This study investigates various power quality issues utilizing DVR, such as sagging voltage, 
swelling voltage, and defective voltage. To tackle power issues, DVRs employ PI-PSO and ANFIS 
controllers. For the comparison with the ANFIS controller, regular and optimized PI controllers were 
employed. The ability of DVR to use an ANFIS controller confirms ANFIS functionality. In comparison to 
the PI and PI-PSO controllers, the ANFIS controller has less overshoot and undershoot and reaches a steady 
state faster. The PI also oscillates around the ultimate number. The DVR with an ANFIS outperforms the PI 
and PI-PSO controllers. In the case of sag voltage, the DVR with an ANFIS controller has a steady state time 
of (0.01) compared to (0.05) for the PI-PSO controller. For the situation of fault voltage, the DVR with an 
ANFIS controller has a 27% undershoot compared to 30% for the PI-PSO controller. For the absence fault 
voltage, the DVR with an ANFIS controller has a 12% overshoot compared to a 15% overshoot for the PI- 
PSO controller. For the situation of fault voltage, the DVR with an ANFIS controller has a settling time of 
(0.002) compared to (0.02) for the PI-PSO controller. 
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